We present simulations of the dynamical evolution of young embedded star clusters. Our initial conditions are directly derived from X-ray, infrared, and radio observations of local systems, and our models evolve both gas and stars simultaneously. Our regions begin with both clustered and extended distributions of stars, and a gas distribution which can include a filamentary structure in addition to gas surrounding the stellar subclusters. We find that the regions become spherical, monolithic, and smooth quite quickly, and that the dynamical evolution is dominated by the gravitational interactions between the stars. In the absence of stellar feedback, the gas moves gently out of the centre of our regions but does not have a significant impact on the motions of the stars at the earliest stages of cluster formation. Our models at later times are consistent with observations of similar regions in the local neighbourhood. We conclude that the evolution of young proto-star clusters is relatively insensitive to reasonable choices of initial conditions. Models with more realism, such as an initial population of binary and multiple stars and ongoing star formation, are the next step needed to confirm these findings.
INTRODUCTION
Canonical wisdom in the field of star formation is that "all stars form in clusters". A more accurate summary of the paper used to support that statement (Lada & Lada 2003) is that most Galactic star formation occurs in embedded protoclusters, many of which will not emerge from their molecular clouds as bound star clusters. Certainly it is true that stars do not form in truly isolated regions. Both observations of young star-forming regions (e.g. Feigelson et al. 2013) and theory and simulations of star formation (e.g. Offner et al. 2009 ) paint a picture of star formation as a turbulent, clumpy, stochastic process. The crowded environment in which stars form must, to some extent, determine the properties of stars themselves -the initial mass function, stellar multiplicity distributions, and probably their planetary properties as well. At the same time, we expect that some of the protoclusters manage to remain as gravitational bound entities, and should form the open clusters we see today. Embedded clusters may also provide insights relevant to the earliest stages of the life of massive, dense globular E-mail: asills@mcmaster.ca (AS) clusters, especially now that we are learning that those clusters may have had more than one episode of star formation (Gratton et al. 2012 ).
There are a number of as-yet unanswered questions about the processes through which embedded protoclusters evolve. For example, most open clusters have little remaining gas and dust, and are well-described by a smooth, spherical stellar spatial distribution. Younger embedded clusters, on the other hand, more often show clustered or filamentary substructure. The Massive Young Stellar complexes study in Infrared and X-rays (MYStIX) (Feigelson et al. 2013) identified over 31 000 stars in 20 nearby star-forming regions, and used mixture models to identify (sub)clusters of isothermal ellipsoids in each region (Kuhn et al. 2014) . These 20 regions contain 142 subclusters, and each also has a non-clustered, distributed population of stars. A careful analysis allowed the MYStIX team to determine the total number of stars, the size, the ellipticity, and the approximate age of each subcluster (Getman et al. 2014 ). These regions display a variety of morphologies. Some are clearly filamentary, with a string of sub-clusters creating a linear structure on the sky. Others are more centrally concentrated in one dominant cluster with a core-halo morphology, and still others are charac-terized as clumpy. How and when do the regions lose their substructure? In the MYStIX observations, there is no obvious age difference between the most substructured systems and the most spherical regions. On the other hand, merging is the outcome of many simulations of clumpy or fractal self-gravitating star systems (Proszkow & Adams 2009; Fujii et al. 2012; Banerjee & Kroupa 2015) . Models suggest that the erasure of small-scale structure through merging can affect quantities that are used to trace the process of star formation, such as mass segregation (e.g. Parker et al. 2014) .
Embedded clusters may also be affected by the remnants of their natal molecular cloud. Recent observations of the Orion Nebula Cluster (Stutz 2017) demonstrate that the gas component of that cluster dominates the gravitational potential throughout the cluster except at the very centre. In another of the MYStIX regions, DR21, the gas mass is at least comparable to the stellar mass (Schneider et al. 2010) . Within a few tens of Myr, however, star clusters and associations have a very low gas content. It is expected that gas is removed by stellar feedback in the form of outflows, stellar winds, and eventually supernovae. Some dynamical models of embedded clusters have studied this early gas loss by including an additional gravitational potential which is lost either instantaneously (Proszkow & Adams 2009) or by decreasing the gas mass with time (Banerjee & Kroupa 2015) . Rapid loss of the gas potential can leave an unbound stellar association that disperses with time (Goodwin & Bastian 2006) in a stage commonly called 'infant mortality', although recent simulations suggest that perhaps the effects of gas expulsion may be less dramatic than previously thought (Parker & Dale 2013) . Very few simulations have followed the simultaneous evolution of gas and stars, and allowed both components to influence the motion of the other, although codes have been developed with this kind of project in mind (e.g. the SEREN code, Hubber et al. 2013) . The early work of Pelupessy & Portegies Zwart (2012) used the AMUSE code to model spherical clusters of 1000 stars suggested that the duration and method of gas removal could have a substantial effect on the eventual appearance and structure of the star cluster. Our theoretical understanding of embedded star clusters needs to involve both stars and gas, and should also be driven by our observations of such systems in the local Galaxy.
In this paper, we present simulations of embedded protoclusters, including the simultaneous evolution of both their stellar and gaseous components. Our simulations explicitly use the observed sub-structure of embedded clusters, taken from the MYStIX work, to inform the initial conditions for our simulations. We also use live gas particles, and calculate the gravitational interaction between the gas and the stars in these embedded clusters. We are interested in understanding the timescales and processes that drive the evolution of these systems, with the intention of eventually being able to understand how bound stellar systems across mass scales are assembled and evolve.
In the next section, we describe the methods we used to set up and evolve young star clusters based on observational initial conditions. We discuss our results in section 3, and draw some conclusions as well as outlining future work in section 4. Initial conditions for DR21. X and Y axes correspond to RA and Dec, respectively. Stars are shown as blueish-white objects; gas is included as diffuse emission, reflecting light from nearby bright stars. Gas is also indicated with contour lines. The lowest contour level corresponds to a surface density of 150 M pc −2 , and each subsequent line is a factor of 10 0.5 higher. 
METHOD
We used AMUSE (Portegies Zwart et al. 2009; Pelupessy et al. 2013) , the Astrophysical Multipurpose Software Environment, to create our initial conditions as well as to evolve the gas and stars simultaneously. AMUSE is essentially a python wrapper that connects different community codes that model many physical effects: gravitational dynamics of both large and small numbers of particles, hydrodynamics, radiative transfer, and stellar and binary evolution, as the user requires. In these simulations, we couple a collisional N-body gravitational dynamics code with a hydrodynamical code, and allow the star and gas particles to influence each other gravitationally through a mechanism called Bridge (Fujii et al. 2007 ). We create the initial conditions in the AMUSE format based on the observational constraints we have, and then we evolve each system for up to 10 Myr.
Initial Conditions
Most previous simulations of young clusters have assumed either an initial spherical distribution of stars (Proszkow & Adams 2009 ), a group of spherical sub-clumps (Banerjee & Kroupa 2015; Fujii et al. 2012) or a fractal distribution which more closely resembles the observations of young clusters. In our case, we took our initial conditions directly from observations of young clusters where possible.
The MYStIX observations, in Kuhn et al. (2014) , give the number of subclusters, the semi-major and semi-minor axes of each ellipse which best fits that subcluster as well as the position angle of each ellipse on the sky. They also give the right ascension and declination of each star observed in the region. The fit to the stellar density includes the subclusters as well as an 'unclustered' component (essentially a uniform density background of stars). There are also some stars in each region which are labelled as 'unknown'. These are stars that are not cleanly identified with either a subcluster or the uniform background, but still exist in the image and therefore are included in our simulations.
Positions
First, we used the stellar positions taken directly from the MYStIX observations. We mapped the right ascension and declination of each star to x and y positions in parsec from the cluster centre, using the distances and cluster centres given in Kuhn et al. (2014) . All stars in the MYStIX observations are used, including stars assigned to individual subclusters, and also the background of stars labelled as 'unclustered' and 'unknown'. We assigned z (line of sight) positions of these stars by drawing randomly from a reasonable range of distances. For the subclusters, we used the size of the minor axis of each subcluster as the z range for each star. The z range for the background stars, zmax is set to a value which encompasses the maximum extent of these stars in the xy plane.
MYStIX only measures positions for stars more massive than approximately 0.83 M . Therefore, we added a population of low-mass stars (0.08 to 0.83 M ). For the subclusters, the total number of stars was taken from Kuhn et al. (2015) , where they estimated the unseen stars by populating an initial mass function (IMF) normalized by the number of observed stars. We create a Plummer (1911) sphere, with a core radius given by the harmonic mean of the observed major and minor axes of the fitted ellipses. For a Plummer sphere with a scale radius a, the core radius is ≈ 0.64a, the half-mass radius is ≈ 1.3a, and the virial radius (used by AMUSE to set up the distribution) is 16a/(3π). We then multiply the position of each star along one axis by the necessary factor so that the Plummer sphere becomes the appropriate observed ellipse. We also use the observed position angle of each sub-cluster to get the correct relative orientation of all sub-clusters in the plane of the sky. For most of our simulations, we assumed that each subcluster lies along the z=0 plane, but we also varied this parameter to allow the subclusters to be scattered about the z=0 plane by a random distance that was less than our parameter Z offset . We also add a uniform density sphere of low-mass stars around the entire region, where again the total number of unclustered stars of all masses is calculated by populating an initial mass function down to 0.08 M , normalized by the number of higher-mass stars. Given the mass range of the observed stars (0.83 to 10 M ) and our assumed IMF slope, we add approximately 2 low-mass stars for each observed star. The size of this sphere is the same as the size we used to determine the z positions of the higher-mass unclustered stars.
In figures 2 and 3 we show the positions of stars in our model of DR21 in the xy plane (equivalent to the RA-Dec plane of the sky). Observed stars are shown as red circles and the inferred low-mass stars are shown as small black points. Figure 3 is a zoom-in of the most central sub-cluster, showing the subclustering of the low-mass stars and their distribution in an ellipse determined by the observed stars. To show the stellar distributions in a slightly different way, figure 4 shows the cumulative radial distributions of the initial positions of the observed high mass and inferred low mass stars in DR21, measured in the plane of the sky from the centre of mass of our system. The radial distributions of the two populations are very similar until the edge of our simulation area.
Velocities
We do not have observed velocity information for the stars in our sample. Therefore, this is a parameter that we vary during our simulations. In general, we give the stars in each sub-cluster a velocity dispersion which is related to the virial parameter αvir = 2T /|W |. We note that this definition of the virial parameter typically is calculated using only the potential of the stars, and not of the gas which is also present in the region. Therefore, it does not reflect the true virial state of the system. However, most observational studies which estimate the velocity in star forming regions from virial arguments make the same kind of assumption -papers interested in the stellar velocities usually only include the stellar mass; papers interested in the gas properties only consider the gas mass. When both stars and gas are considered (Foster et al. 2015) , the stars are found to be moving with sub-virial velocities while the gas is moving with velocities closer to that set by virial equilibrium of the entire system. Typical observed values of the velocity dispersions are in the range of a few km/s (Schneider et al. 2010; Foster et al. 2015) . We investigated three values for αvir in our simulations: virial systems with αvir = 1, a subvirial system with αvir = 0.08, and a supervirial system with αvir = 2 (again, where we use only the kinetic and potential energy of the stars, and neglect the contribution of the gas to the gravitational potential).
We give the unclustered stars an overall velocity dispersion as well, drawn from a user-specified value (σstars = 0-2 km/s). In all cases, we give each star in its component (sub-cluster or unclustered background) a velocity vector with three random components, and then ensure that the dispersion of each grouping of stars has the required value.
We can also allow each sub-cluster to have a bulk velocity relative to the others in the simulation, V rel . We implement this by allowing each sub-cluster to have a velocity whose magnitude is set to a user-specified value, but the direction is randomized except that the y velocity must be acting along the gas filament if one exists, and the x and z velocities have smaller magnitudes that the y velocity. In these simulations, we investigated velocities up to 2 km/s, comparable to the velocity dispersions within the sub-clusters.
Masses
We have measured masses for a small number of stars in the MYStIX sample (Kuhn, private communication) , but the mass information is far from complete. Therefore, we randomly assign masses from a broken power law IMF (Kroupa 2001) between 0.83 and 10 M for the stars with observed positions, and randomly assign masses from the same IMF between 0.08 and 0.83 M for the unobserved low mass stars. For simplicity, we assume that all the stars in our simulation are single.
Gas
After the stellar positions are determined, we add gas to the simulation. Each sub-cluster is assigned its own ellipsoid of gas, with the same properties as the ellipsoids of starsit is a stretched Plummer sphere, with the same axis ratio and position angle as the stars. We also include a sphere of gas to follow the unclustered stars. The total mass in gas for each sub-region is set to be a fraction fgas of the total mass in stars. Our fiducial runs have the same gas and stellar masses, and we vary this ratio to determine the impact of gas mass on the resultant star cluster. Finally we add a background of gas, a Plummer distribution with a given scale radius ra which can be either a sphere or a "filament", approximated by stretching the Plummer distribution into an ellipsoid with a very large axis ratio. The mass of this background gas is loosely estimated from observations of the region of interest (Schneider et al. (2010) for DR21, Massi et al. (2015) for NGC 6357, and Reid & Wilson (2006) for M17), after accounting for the gas we have associated with the clustered and unclustered stars. We note that the choices of gas mass for star-forming regions should be considered representative rather than precise, as the observations from which gas masses are determined usually cover a larger region than the MYStIX stellar observations, and the structure of the gas is complicated (holes, bubbles, filaments, etc.) rather than the smooth distribution we have assumed in our simulation. All gas particles have the same mass (0.05 M in the simulations presented here).
Our gas has an initial temperature of 10 K, consistent with temperature determinations of the typical gas temperature in star-forming regions such as DR21 (e.g. Schneider et al. 2010 ). The gas temperature is observed to reach 60-100 K in the centres of clumps, likely due to heating from the natal protostars. In our code, however, we treat our gas with an adiabatic equation of state and do not include radiative heating or cooling, so a uniform temperature for the gas is a reasonable but simplistic approximation. Currently these simulations do not include sink particles, so we cannot follow star formation from the collapse of gas to very high densities. We give the gas a velocity dispersion, σgas, calculated within each sub-cluster or the background, which has the same value for all regions.
Regions
For our parameter space study, we concentrated on the DR21 region. This is one of the youngest regions in the MYStIX sample, and is deeply embedded. It lies in one end of a long, dense molecular filament, and there are a number of sub-filaments outside the MYStIX region which are approximately perpendicular to the main filament. We chose this region for our main investigation since it appears to be in an earlier stage of formation than most of the MYStIX regions. We also ran a simulation for M17 and NGC 6357 with our default parameters, to look at the effect of different morphologies on our results. M17 is an older region which is mostly spherical, but still contains some substructure within the main cluster. In the MYStIX classification, it is considered to have a 'core-halo' structure. There is still a fair amount of gas within the M17 star cluster region, suggesting it still has some time before it completely emerges from the natal cloud. NGC 6357 consists of three main regions, each with a core-halo structure. They are located on or near the edges of a large bubble that has been blown in the ISM some time ago.
The initial conditions for the DR21 simulation, as well as for two other regions that we modelled (M17 and NGC 6357) are shown in figures 1, 5, and 6. These images show the xy plane (i.e. the plane of the sky). The stars are represented as objects with intensity and colour related to their mass and radius. Gas is rendered as diffuse emission and its smoothed surface density is also shown with contour lines.
In table 1 we give the global information about each of our modelled regions (DR21, M17 and NGC 6357). These do not change when we were doing our parameter space study, and are based on the observed properties of the regions. In table 2 we give the simulation parameters that we varied for each run. These include the virial parameter of each stellar sub-cluster (Q, defined using the kinetic and potential energy of the stars alone); the velocity dispersions σ for the stars and for the gas; the gas fraction fgas, given as the ratio between the mass of gas to the mass of stars in each subcluster; the maximum relative velocity of the sub-clusters V rel ; and the maximum distance of each sub-cluster from the z=0 plane zmax. We performed the fiducial simulations for all three regions; the other simulations were done using DR21 as the test region.
Evolution
After we have created our initial conditions, we use AMUSE to evolve the system forward in time. For these particular simulations, we use the 4th-order Hermite gravitational N- body code ph4, purpose-written for AMUSE, to evolve the stars under the influence of their own self-gravity. We use the smoothed particle hydrodynamics code Gadget2 (Springel 2005) to evolve the gas under their own self-gravity and hydrodynamic forces. To couple the gas to the stars, we use the Bridge formalism (Fujii et al. 2007 ) with the dynamics code FastKick. This mechanism allows us to selfconsistently model the motion of all components of the system according to the full gravitational potential, while still using the most appropriate numerical techniques for the individual sub-systems given the natural times on which they evolve. Bridge works by having each system experience the gravity of the other through periodic velocity kicks, with normal evolution in between. Particular attention must be paid to the relative timesteps of these drift-kick interactions, and we use a short interaction time of 0.01 N-body system times in all our simulations, as our gas and stars are physically intermixed. For simplicity, we assume that our gas is appropriately modelled with an adiabatic ideal gas equation of state. We do not include star formation or stellar feedback, either in the form of stellar winds or of supernovae. Therefore, we limit our simulations to the first 10 Myr of the clusters' evolution, as that is below the lifetime of the most massive stars in our simulation.
RESULTS
All our simulated systems quickly collapse to a nearly spherical, centrally concentrated cluster, as shown in figure 7 for the fiducial DR21 simulation. The timescale for this collapse is short, on the order of a Myr, and the timescale Figure 7 . Snapshots of the first 9 snapshots of the evolution of DR21 in our fiducial simulation, from top left to lower right. The snapshots are taken 100 000 years apart, with the first snapshot 100 000 years after the simulation begins. Each snapshot is 5 pc on a side, otherwise as in figure 1. The subclusters have almost entirely merged within the first million years of cluster evolution, and the gas density has become quite spherical.
does not depend much on the choices of initial parameters. This result is in agreement with N-body, gas-free simulations of subclustered regions (e.g. Fellhauer et al. 2009; Fujii et al. 2012; , where the clusters lose their substructure on approximately the same timescale. It is interesting to note that in the simulations, the systems with subvirial velocity dispersions evolve to smooth clusters more quickly than those with a higher initial virial parameter αvir = 2T /|W |. Our simulations have an additional gravitational potential from the gas mass, which effectively decreases the virial parameter and shortens the time for collapse.
Substructure
To characterize the substructure seen in our simulations, we used the Q + algorithm (Jaffa et al. 2017 ), which is not related to the virial parameter but rather characterizes the fractal distribution of the stars. The Q + algorithm describes a sub-structured star cluster in terms of three parameters: the fractal dimension, the number of levels, and the density scaling exponent. The fractal dimension describes how clumpy or smooth the distribution is, with 1 being very clumpy and 3 being smooth. The number of levels describes the range of scales over which the fractal sub-structure exists, with a low value indicating that the smallest substructures are not much smaller than the overall cloud and a high value indicating that the smallest structures are very small compared to the cluster size. The density scaling exponent describes where most of the mass is distributed in the hierarchy, with a high value indicating that most of the mass is confined to the smallest sub-structures and a low value indicating that the sub-clumps are not much more dense than the larger clumps. Clusters that are not sub-structured but centrally condensed can be characterised by a radial density exponent using the method described in Cartwright & Whitworth (2004) which is incorporated into the Q + analysis code.
What we found was that the fractal dimension of the DR21 fiducial simulation was consistently 1.58 (quite clumpy) until the sub-clusters merged at around 0.5 Myr. However, during that time, the number of levels decreases steadily and the density scaling exponent increases, suggesting that the stars from the smallest sub-clump(s) are spreading out to fill the larger hierarchy. After the clumps merge at ∼ 0.5 Myr, the region completely loses its fractal structure and is consistent with a centrally concentrated system. The central stellar density increases with time, as does the radial density gradient.
If we limit our analysis to only the high mass stars (M > 0.83 M ) that were taken from the MYStIX observations and exclude the low mass stars added for completeness we can compare the structure that would be theoretically seen by an observer to the full structure we have in the simulations. These results are shown in figure 8. For the initial conditions of DR21 this mass limited analysis gave a lower fractal dimension and density scaling exponent than analysis of the full cluster but a similar number of levels. This suggests that the observable higher mass stars populate a more clumpy distribution, but are not confined to the smallest sub-clumps. Their evolution showed the same trend as the full cluster. The high mass stars in M17 and NGC 6357 exhibit similar behaviour; the initial conditions have a low fractal dimension and high number of levels, but the substructure is quickly erased (within 1-2 Myr) and the cluster becomes centrally concentrated. It is interesting to note that when the full clusters are analysed, M17 would not be classified as fractally sub-structured and NGC 6357 only just so. It is only when we analyse the high mass component of these two clusters that the sub-structure is detected. However, this difference in structure is ambiguous and may be caused by limitations in the Q + analysis rather than an actual difference in structure between the high mass and low mass components.
Structural Properties
The MYStIX observations provide a large sample of structural properties of embedded stellar (sub-)clusters, to which we can compare our models. In order to make this comparison, we measure structural properties of our simulations every ∼100 000 years for the first 7 Myr of their evolution. We treated each snapshot as an 'independent observation' in order to make the comparison to the MYStIX observations. The MYStIX regions have a variety of ages, masses, and (most probably) initial conditions, so a one-to-one comparison is not straight-forward. However, by looking at the ensemble properties of the model snapshots compared to the observations, we are able to make inferences about the evolution of these regions and the influence of the various values of the initial parameters we chose for our simulations.
The two main structural parameters that are best measured in the MYStIX sample are the core radius of the subclusters and their central density of stars. The MYStIX data show a clear anti-correlation between the two quanti-ties, shown as a solid line in figure 9. Our models all begin with core radii that are much larger than the observed subclusters (to the right part of figure 9), which is simply a result of our analysis -we calculate a single core radius for each snapshot, and so when the simulations still maintain their sub-structured appearance, this core radius will be too large. Our models evolve first to smaller core radii at approximately constant density, and then evolve along the MYStIX relation. This agreement suggests that the central densitycore radius relationship is fundamental to the structure of young stellar clusters.
We also point out that the various parameters that we chose to investigate in our models make, for the most part, very little difference to the overall structure and evolution of the system. To guide the reader's eye, we highlight four particular simulations in figure 9 . First, our canonical model, the DR21 fiducial simulation is shown as blue filled squares. The initial conditions have an overall core radius around 1 pc and a central density of ∼ 10 6 M /pc 3 , and after about 0.5 Myr, the model has come close to finishing its collapse to a single, spherical system with a core radius of about 0.1 pc.
Almost all the other DR21 models show a very similar evolution, with some variation in the exact values of core radius and central density. The clear exception is shown in orange squares. This is the simulation that begins with significantly more gas -a factor of 10 more mass in gas than in stars in each of the initial subclusters. Only in this case does the stellar density remain significantly lower (below ∼ 10 6 M /pc 3 ), but still the simulations evolve quickly to the observed relation. Interestingly, the opposite simulation with a factor of 10 less gas mass than stellar mass does not show as significant a difference from the fiducial simulation, suggesting there is a threshold required before the gas mass has an observable effect on the stellar structure.
The other two simulations to note are the two fiducial simulations for the other two regions (M17 -red triangles, and NGC 6357 -green circles). Despite the difference in the total mass in stars, and their initial sizes, these simulations also follow approximately the same evolution in this diagram as the DR21 simulations. Because NGC 6357 is initially much larger (core radius ∼ 3 pc or so), it takes longer to collapse, but otherwise the evolution and its endpoint is the same. We note that the MYStIX observations show a scatter of about an order of magnitude in central density at a given core radius (above the line drawn in figure 9 ) and that the observed subclusters in DR21 lie along the bottom of that scatter while the subclusters in M17 and NGC 6357 lie closer to the top of the scatter. This fundamental relationship between core radius and central density is a natural outcome of dynamical evolution of merging stellar sub-clusters. To facilitate the interpretation of the previous figure, we include the evolution of the stellar density as a function of time in figure 10 . The line colours are the same as the colours shown in figure 9 .
In contrast to the stellar density of the cluster, the central gas density decreases with time, as shown in figure 11 . By looking at the half-mass radius or virial radius of the gas, we can see that as the stellar cluster contracts and the sub-clusters merge, the gas moves outwards. At these early, gentle stages of gas motion, the stars shows no signs of reacting strongly to the reduction in the overall cluster potential -rather than expanding, the stars continue to contract Figure 9 . Central stellar density vs core radius, for all runs. The first 7 Myr of evolution was saved in snapshots every ∼ 100 000 yr, then each density-radius pair plotted as if it was a unique observation. The solid line is best-fit to MYStIX observations. The various symbols and colours correspond to different simulations. Four of importance are the DR21 fiducial simulation (blue squares), the DR21 simulation with high gas fraction (orange squares), the M17 fiducial simulation (red triangles), and the NGC 6357 fiducial simulation (green circles). The grey squares are variations of the DR21 simulation with the parameters given in table 2. slowly over time. This is in contrast to simulations in which the gas potential is removed quickly or instantaneously, suggesting that the timescale of the gas removal mechanism is important for the subsequent evolution of the star cluster.
Kinematic Properties
Our expectation from previous simulations is that as the clusters collapse, the stars' velocity dispersion will increase (Foster et al. 2015; . Our simulations show the same behaviour, but only during the collapse phase. Shortly afterwards, the clusters settle to a steady state appropriate for their new spherical configuration, as shown in figure 12 . Again, the various parameters we chose to investigate result in very little difference in the value or evolution of the velocity dispersion, except when the region has substantially more gas (orange line) than our fiducial run (blue line). The velocity dispersion does not change substantially even as the region collapses. Because we have all the information for each particle in our simulation, we can directly calculate the total kinetic and potential energies in the simulation, and therefore the virial ratio. Observationally, however, the virial ratio is often inferred from the velocity dispersion, estimates of total mass and radius of the region, and assumptions about density distributions.
In figure 13 we plot the true virial ratio for the two simulations highlighted in the previous figure. The high stellar velocity seen in the high gas mass simulation is caused by the increase in total gravitational potential, as both simulations have similar overall virial ratios. The solid and open squares show other calculations of the virial ratio for the DR21 fiducial run. The solid squares use the information about stars alone without considering either the kinetic or the potential energy of gas. Our gas mass and stellar mass are approxi- figure 9 . The orange line, with the higher velocity dispersion, is the high gas fraction simulation.
mately the same in this simulation, and the gas has a very small kinetic energy. Therefore, the stellar-only virial ratio is too large by a factor of about two, which could would us to an incorrect interpretation about the lack of boundedness of this region. If careful observers were to consider the stellar kinetic energy and the potential of both the stars and the gas, they would calculate that the virial ratio was given by the open squares. In this particular region, that value is much closer to the true value. However, simply including all the mass contributions to the potential in a region may not be sufficient to corrected determine the virial ratio. Embedded clusters and star-forming regions will have a different ratio of stellar to gas mass, and also stellar to gas velocity dispersion, throughout their evolution. Observers must consider all contributions in order to understand the true virial state of these systems.
CONCLUSIONS
We have presented simulations of young, embedded star clusters in which we simultaneously model the dynamical evolution of both the stars and the gas, beginning with initial conditions that are motivated and directly drawn from observations. By comparing our results to observations from the MYStIX regions, we conclude that our models match the observations well, and so the initial conditions and choices of a priori unknown parameters we used are realistic and reasonable. We also conclude that the subsequent evolution of these regions is quite insensitive to reasonable values of the parameters that we varied. We found that our initially very substructured systems became spherical, monolithic, and smooth very quickly, in both their spatial and veloc- figure 9 . The orange line is the high gas fraction simulation. The solid squares show the virial ratio in the fiducial DR21 simulation calculated using only the kinetic and potential energies of the stars; the open squares show the virial ratio for that simulation calculated using the kinetic energy of the stars but the potential energy of the gas and stars together.
ity distributions. Evolution of embedded clusters at young ages appears to be dominated by gravitational interactions between the stars, with only a small influence from the surrounding gas.
Like all models, our simulations have limitations. First, we neglect ongoing star formation, despite the high likelihood that it should happen in these regions. At galactic scales, a typical star formation threshold used in simulations is 100 M /pc 3 (e.g. Benincasa et al. 2016 ), which our simulations regularly exceed at their centre. However, simulations of cluster-scale regions suggest that a more reasonable star formation threshold is a few thousand M /pc 3 (Myers 2010) in star clusters, which is well below the maximum seen in almost all our simulations. Only the simulation with the high gas fraction reaches about 10 5 M /pc 3 . Star formation is also expected to proceed on timescales related to the local free-fall time (e.g. ∼ 10 τ ff , Kruijssen et al. 2011 ). The free-fall time of the gas in the DR21 simulations is of order 1 Myr. Since our total simulation time is at most 10 Myr, we feel justified in neglecting most star formation, especially over the early stages of the simulation. However, to follow the evolution of young star clusters over a longer time or with a high gas fraction, active star formation should be included in the model.
We also note that some of the MYStIX regions are embedded in gas filaments (particularly the DR21 region) in which the gas motions are directed along the filament towards the cluster. Therefore, the gas mass should be increasing with time, providing additional fuel for star formation.
Given the dynamical timescale of the DR21 filament (1.5 Myr) and its density (about 700 cm −3 ) (Schneider et al. 2010) , we estimate that the infall rate of material is a few tens of solar masses per Myr, which will not cause a substantial change to the gas mass or gas density over the ∼ 10 Myr of our simulations. Along the same lines, our model gas distribution is not as clumpy and complicated as the distribution of gas in likely to be in real star forming regions. Additional localized star formation may occur as higher density regions of gas collapse further.
The MYStIX observations (Getman et al. 2014) , and others (e.g. Beccari et al. 2017 ) suggest that there is an age spread or gradient of the stars in many of these young clusters. Their observations suggest that in most clusters, the younger stars are found closer to the cluster centre. While our models do not include continuous star formation that could produce such a gradient, we can comment on the timescale over which such a gradient could be preserved. If we tag the stars by their location at the start of our simulation, we see that the stars in the outskirts remain primarily in the outskirts for about 2 Myr in the DR21 simulations, but after that time, they become mixed in with the stars from the inner regions. This mixing should be affected by the boundedness of the stars to their birth complex, and may also depend on the duration and spatial extent of the starforming event. Open clusters do not show an age gradient, perhaps because of this dynamical mixing. A more careful study of the age distribution of stars in embedded clusters, and the subsequent dynamical evolution of the population, could be very useful for understanding how and where stars form, and what subsequent observational signatures of that star formation process may exist.
An interesting question in the study of young clusters concerns mass segregation. Are massive stars born at the centres of clusters ("primordial mass segregation"), or do young clusters become mass segregated due to dynamical processes? In our simulations, we impose a random distribution of stellar masses on our initial conditions, so we cannot comment in detail on the dynamical evolution of a variety of initial mass distributions. A recent paper (Domínguez et al. 2017 ) may point to an answer, however. Those authors used detailed N-body simulations of a variety of initial cluster configurations and initial primordial mass segregation, or lack thereof. They also included a non-evolving gas potential. In all cases, their clusters showed evidence of mass segregation by the time the system was spherical, no matter what initial conditions they chose. These results are similar to simulations with clumpy initial substructure but no gas (e.g. McMillan et al. 2007; A preliminary analysis of our simulations suggests that we see the same effect, although as we follow the simulations further in time, it appears that the mass segregation becomes more pronounced. A more sophisticated analysis of simulations with different distributions of stellar masses would be interesting, particularly to check if interactions with the gas could modify this dynamical process.
We have neglected binary stars in our simulations, even though we expect that the binary fraction in young clusters should be quite high. The likely effect would be to increase the stellar mass of the system, since we have assumed that each observed star is a singleton, but in fact each point of light has a significant chance of being a double or even a higher-order multiple. There could also be increased dynamical interaction between the stars, especially as the stellar density increases. Binaries may also act as an internal energy source, preventing the density from continuing to increase in real clusters. Future dynamical simulations are being planned with a realistic binary fraction and distribution of the initial binary properties to test these suggestions.
